Introduction

27
The mitral valve (MV) separates the left atrium (LA) from the left ventricle (LV) and ensures unidi-28 rectional blood flow during the cardiac cycle. It is a complex cardiac structure composed of the valve 29 annulus, the valve leaflets (anterior and posterior), the chordae tendineae and the papillary muscles 30 (PMs) (Fig. 1) . Each leaflet of the valve can be divided into 3 segments: lateral, middle and medial, as of the neochordae to the prolapsing segment or the length adjustment of the neochordae to eliminate 76 prolapse while preventing additional restriction of the leaflet, can only be assumed at this moment [15] .
77
Therefore, the use of a numerical simulation to clarify these aspects should be considered.
78
Numerical simulation of the MV structure based on the patient-specific data has proven to be useful
79
to evaluate the effects of the MV surgical repair techniques [16] . However, only a few studies on the 80 numerical simulation of the MV repair with neochordae implantation were published [17] [18] [19] [20] [21] . Moreover,
81
none of them has addressed the problem of the transapical MV repair.
82
Therefore, the purpose of this study is to evaluate the transapical MV repair using finite element 83 modeling and to determine the effect of the neochordal length on the function of the prolapsing MV. Echocardiography has become routinely used in the diagnosis, management, and follow-up of patients 87 with any heart disease. Transthoracic echocardiography (TTE) is the most common type of echocardiog-88 raphy for the assessment of morphology and geometry of the MV, which provides accurate quantification 89 of valvular dysfunction [22] . During TTE, the ultrasonic transducer is placed on the chest of the subject 90 to get various real-time views of the heart.
91
The data of the movement of the non-prolapsing MV at the heart rate of 66 bpm, characterized by a
92
22 Hz time-frequency, was obtained during TTE using Vivid e95 (GE Healthcare) ultrasound machine.
93
The acquired data set was stored as a volumetric medical image (VolDICOM) and exported for further 94 processing. 
Image processing
96
The reconstruction of the MV geometry was performed using the custom platform developed in MAT- by 10 degrees along Z axis, 18 radial planes were generated.
106
The end-diastole (ED) was chosen as the initial state for the analysis since at this point in time the uniformly distributed along the circumference of the MV (Fig. 2b ).
113
The created points were connected into a mesh of 3-node shell elements (type S3R in Abaqus). Re-
114
gionally varying thickness was assigned to the leaflets, as suggested by Kunzelman et al. [24] , with an 115 average value of 1.32 mm for the anterior leaflet and 1.26 mm for the posterior one.
116
In addition, the points of the PM tips were manually traced during the ED. A branched network of 117 the chordae tendineae of three orders, i.e. marginal, basal and strut, was created, connecting the PM tips 118 and the valve leaflets (Fig. 2c) Structurally, the tissue of the MV leaflets is composed of collagen, elastin and muscle fibers. Such 124 tissue demonstrates higher stiffness along the collagen fiber direction compared with the cross-fiber one.
125
Since collagen fibers are oriented along the longitudinal direction (i.e. parallel to the annulus) of the 126 leaflets, the mechanical response in this direction is stiffer than in the transversal one (i.e. perpendicular 127 to the annulus). Therefore, the mechanical behavior of the MV leaflets was assumed non-linear and constitutive parameters. All the constitutive parameters (Table 1) 
138
PM tips were modeled as nodes without physical properties. 
Boundary conditions
140
In order to incorporate patient-specific kinematic boundary conditions, the motion of the MV annu- the points identified at the ED were applied (Fig. 3a) .
146
A time-dependent physiologic transvalvular pressure curve with values increasing from 0 mmHg dur-
147
ing the ED up to 119 mmHg during the PS (Fig. 3b) was applied on the ventricular surface of the leaflets.
148
Contact was modeled for the atrial side of the MV leaflets, using a general contact algorithm available 
Neochordae implantation
151
The most common segment involved in the MV prolapse is the middle segment of the posterior leaflet
152
(P2) [28] . In order to simulate prolapse of the MV, marginal and basal chordae inserted into the P2 153 segment were ruptured.
154
The position of the LV apex was manually traced during the time frame between the ED and the PS, In general, implantation of more than two neochordae is desired to balance a load per suture and to . Therefore, virtual transapical repair using four neochordae, evenly distributed 162 along the free margin of the P2 segment, was planned (Fig. 4) . In order to evaluate the effect of the 163 neochordal length on post-repair MV function, a total of four virtual repairs using sutures of different 164 length were performed. In the first case, four neochordae were added between the LV apex and the P2 165 segment without changing their lengths, while in the next three cases the lengths of the sutures were 166 increased by 5%, 10%, and 15% respectively. The neochordae were modeled as nonlinear truss elements
167
(type T3D2 in Abaqus) and their mechanical behavior was described using 2nd order polynomial model.
168
The constitutive parameters were defined by fitting uniaxial test data, reported by Dang et al. [29] .
169
The time-dependent boundary conditions were applied and the function of the MV before and after 170 virtual repairs for the time frame between the ED and the PS was simulated in Abaqus/Explicit. neochordae (∆L = 15%), while the largest increase by 140.7% was acquired in virtual repair using the 181 neochordae with ∆L = 5%.
182
As the MV prior to virtual repair was prolapsing, the leaflets on septal-lateral diameter were not in 183 a contact, so there was no actual coaptation length. Therefore, all virtual repair procedures restored 184 the different level of the coaptation length, ranging from 3.9 mm (neochordae with ∆L = 0) to 7 mm
185
(neochordae with ∆L = 10%) (Fig. 6 ).
186
The tenting height in each post-repair MV depended inversely on the length of the neochordae -the 187 longer the sutures were used, the smaller the tenting height was, and vice versa (Fig. 6) .
188
While the virtual repair procedures haven't influenced stress distribution across the non-prolapsing the MV prior to virtual repair. Large maximum principal stress concentration on the P2 segment was 191 reduced in all post-repair cases (Fig. 7) , although stresses slightly increased along the free margin of 
